Abstract Fixed field experimental studies are carried out on daily variations of the undisturbed community and soil respiration fluxes in different phenological phases of 2001 2002 in semiarid Aneurolepidium chinense steppe of Inner Mongolia, China using static black chamber method. Corresponding statistical analysis of the contributions of the water-heat factors (air temperature, ground temperature, surface soil water content) and ecological factors (aboveground biomass, underground biomass, litter biomass) to daily variation law of the undisturbed community and soil respiration fluxes as well as differences in daily respiration are also conducted. The results indicate that undisturbed community and soil respiration have apparent daily variation laws, daily variation patterns of respiration fluxes during different phenological phases are basically the same, and the variations of environmental factors only exert effect on CO 2 emission intensities, while the effect on daily variation pattern of grassland CO 2 emission fluxes is relatively small. The daily total respiration of the undisturbed community in different phenological phases ranges from 1.34 10.13 g·m −2 ; soil daily total respiration ranges from 0.98 5.17 g·m −2 ; both daily variations of undisturbed community and soil respiration fluxes are significantly correlated (p < 0.05) or extremely significantly correlated (p < 0.01) with air temperatures and ground surface temperatures, but the correlativity with the soil temperature at 5 and 10 cm depths is relatively weak; multiple regression analysis indicates that about 80% of the difference in daily respiration of the undisturbed community among different phenological phases is induced by the variation of the aboveground biomass, while the variations of the remaining factors can jointly explain around 20% of the daily respiration variations of the whole grassland ecosystem; about 83% of the soil daily respiration variation of the different phenological phases is caused by 0 20 cm underground biomass. Besides, surface soil water content is also an important environmental factor affecting soil daily respiration variations of the Aneurolepidium chinense steppe, but its partial correlation coefficient with soil daily respiration amount does not reach the significance level of 0.05.
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Soil respiration refers to the process of soil generating and emitting CO 2 to the atmosphere under the synthetic effect of different environmental factors, which includes mineralization of soil organic matter involved by microorganism and respiration of plant root system and soil animals. The emission of CO 2 to the atmosphere through soil respiration is the most important link of carbon cycle process of grassland ecosystem, and also the key ecological process of grassland ecosystem exerting effect on atmospheric CO 2 concentration and subsequent causing global climatic changes [1] . Soil respiration flux directly determines the turnover rate of soil carbon, and also reflects the production and input characteristics of belowground litter fragments and root system respiration level [2] . Studies on soil respiration are of great significance to the determination of the comparative relationship between carbon sources and carbon sinks of the grassland ecosystem and the solution to the problems of missing carbon sinks in the terrestrial ecosystem.
More studies on grassland soil respiration have been carried out in the world in recent years, but mostly concentrated in temperate grassland of North America and tropical grassland in part of India and Australia [3 9] , and less in temperate arid and semiarid grassland of Eurasia. Although studies have been done on the measurements of soil respiration to a certain degree in temperate semiarid grassland in Inner Mongolia of China in recent years, and alkali absorption method or transparent static chamber method were most frequently used as means of these studies. Moreover, the measurements of CO 2 emission fluxes were mainly undertaken on plots after aboveground vegetation removal. Under actual conditions, grassland usually has vegetation covers. The aboveground vegetation cover affects not only greatly on environmental factors such as soil temperature and soil water content [10 12] but the existence of aboveground vegetation cover such as litter layer also has important effect on the emission process of the soil CO 2 to the atmosphere [13, 14] . In light with the status quo of relevant studies, the present study designed and adopted static black chamber method to collect gases in the field accordingly. Meanwhile simultaneous comparative observations were carried out on the CO 2 emission fluxes in the undisturbed grassland community and community that the aboveground vegetation has been removed. The static black chamber method can more perfectly eliminate the effect of plant photosynthesis on CO 2 assimilative absorption in the process of transparent chamber measurement. It can also overcome the shortcoming of over fast temperature rise in the interior of the chamber after capping to a certain degree, therefore it is possible for us to gain more accurate direct measurement results of the undisturbed community and soil respiration. In addition, the observation result is more continuous in contrast to alkali absorption method and avoids the effect of human factors such as excessive amount of alkali liquor and alkali liquor absorptive area on measurement precision. The separate measurements of undisturbed community respiration and soil respiration enable us to better understand and distinguish the contributions of vegetation and soil to the whole process of grassland carbon emissions.
Materials and methods

Site description
The present study selects the typical Aneurolepidium chinense steppe in the temperate semiarid grasslands as a main study object and the Xilin River Basin of Inner Mongolia as the study area. Since the experimental area is located in the Northeast China Transect (NECT) of the International Geosphere-Biosphere Programm (IGBP) on global change study, the original feature of the grassland is well preserved at this site, which possesses both typicality and representativeness amongst China's temperate grassland area, even the entire Eurasian grassland area [15, 16] .
Therefore, field experiments on its daily variation law and its influential factors are of great scientific significance to the accurate estimation of undisturbed grassland community and soil daily respiration as well as in-depth studies of carbon cycle mechanism of grassland ecosystem. [16, 17] . There is thin litter layer covering on the ground surface because of the effect of long term enclosure. Dark chestnut soil dominates, the depth of soil layer is 100 150 cm, with a 20 30 cm humus layer, calcic horizon is insignificant or does not exist, and slight CaCO 3 pseudomycelium deposition exists below 50 60 cm. In soil texture, clay particle averages 21% and sandy particle 60%. Annual precipitation is 350 450 mm, annual mean temperature −0.3 1 and 10 accumulated temperature is 1800 2000 . Aneurolepidium chinense as a standard) of jointing stage, flowering stage, fruit bearing stage and post-fruiting vegetative stage chosen respectively were carried out. Gas sample gathering for daily variation studies began normally at around 08:30-09:30 in the morning and ended at around 09:00-10:00 next morning. One group of the samples was gathered once every two and half hours. CO 2 gas was mainly collected using static black chamber method, the sampling chamber is made of 8 mm thick black acrylic material, the geometric size of the chamber is 50 cm (length)×45 cm (width)×30 cm (height). The sampling chamber is placed on a relative flat site. In the process of measurement, the sampling chamber is put into the groove (2 cm × 2 cm × 2 cm) at four outer edges of a stainless steel frame and sealed with distilled water, the stainless steel frame was inserted into soil at the depth of 5cm.The lid of the chamber is installed with an air mixture fan, a thermometer as well as silica gel guide tube connecting with a three-way stopcock for gathering gas. Gas sampling lasts 21 min each time, gas samples are extracted from the chamber respectively after capping 0 min, 7 min, 14 min and 21 min. Each time about 500 mL gas is extracted from the chamber and put into the airtight polyethylene-coated aluminum bag for CO 2 gas concentration analysis. Since the sampling time lasts less than half an hour, the natural conditions of the sampling sites are generally less disturbed. In order to evaluate the effect of aboveground vegetation on CO 2 emission characteristics, two treatments of undisturbed grassland and bare land are prepared at the same time during experiment, and simultaneous sampling and observation are done and three duplications are set for each treatment. Thus the undisturbed grassland community respiration mentioned later in the paper mainly refers to the respiration fluxes of the entire grassland community including plant living body, standing-dead, litter and soil. Soil respiration includes the soil microbe respiration and root respiration.
Meanwhile, when gas sampling is done each time, air temperature, ground temperatures at 0, 5 and 10 cm, interior temperature of the chamber are gathered simultaneously. Temperature in the interior of the chamber is measured with the thermometer, air temperature and ground temperatures at 0, 5 and 10 cm with Model SN2202 digital thermo detector produced by Sinan Instrument Plant of Beijing Normal University. CO 2 concentration in the gas samples collected from the field was measured in laboratory using Model Li-COR 6252 infrared carbon dioxide analyzer. For the calculation method of gas emission fluxes see ref. [18] . The statistical analysis of the flux data was mainly completed with SPSS11.0 software package.
Results and discussions
2.1 Comparison of daily variation law and daily respiration amount of undisturbed Aneurolepdium chinense steppe community and soil respiration in different phenological phases Figures 1 and 2 show the daily variation dynamic curves of undisturbed community respiration and soil respiration respectively. From Figs. 1 and 2 a d, one can see that daily variation patterns of either undisturbed community respiration or soil respiration are basically the same in the four typical phenological phases, all in the mono peak curve form. The maximum daily emission rate occurs at around 13:00 14:00 at noon, CO 2 emission rate begins to decline rapidly at around 16:00, reaching the minimum value at around 23:00 24:00 till around 04:30 05:00, CO 2 emission rate begins to rise gradually and then reaches a new peak again at around 13:00 14:00 of the next day. CO 2 emission rate has always presented a higher value during the daytime than at nighttime. Based on the analysis of Figs. 1 and 2 we can infer that the effect of variations in environmental factors during different phenological phases is more significant on CO 2 emission intensity of grassland ecosystem but less on its daily variation patterns.
Furthermore, based on the integral quadrature between dynamic curves of the undisturbed community and soil respiration rate of a certain time interval and the time axis, we can get daily respiration amount of the whole grassland ecosystem and the soil in the each sampling day during different phenological phases, respectively (see Table 1 ). From Table 1 one can find CO 2 daily emission amount of the undisturbed community and the soil vary greatly in different observation days. In the early June of the jointing stage, the undisturbed community and soil daily respiration are all at the minimum level among the different phenological phases. The reason accountable for this is, except the effect of the plant proper physiological activities, the greater effect of environmental factors, particularly soil water content on daily respiration amount. On one hand, the plant has just entered jointing stage at this period of time when the aboveground plant and root respiration are very weak. Besides precipitation was only 0.3 mm in nearly 20 days prior to this observation day, hence soil water content is relatively low, being only 3.60%. As soil water content is the main factor restraining microorganism activity, when soil reaches permanent wilting water content, it will also cause stagnation in soil respiration [19] . Therefore, although the temperature condition at this period of time is more suitable, the lower soil water content still restrains soil respiration to a greater extent. On the other hand, according to the statistic analysis result of respiration flux of this phenological phase, we can find from Table 2 that although soil daily total respiration amount is relatively low, yet the coefficient of variation of soil respiration flux reaches 0.73. The reason accountable for such a great change in soil respiration flux is probably related to the precipitation started at around 05:30 in the early morning of June 9. Light rain started at 05:30 on June 9, and stopped at around 05:45, precipitation of that day reached 9.0 mm. Precipitation can increase surface soil water content (after the rain, 0 10 cm soil water content quickly increased from 3.60% on June 8th to 18.34% on June 9th), and can also increase the substrate for soil respiration as it can leach the litter covering on the ground surface into the soil layer, thus increasing soil respiration intensity by a big margin. However, as the daily variation observation was approaching to the end in the early morning of June 9th, the effect of higher soil respiration intensity after the rain on total CO 2 daily emission was slight, but resulted in higher efflux variation of this observation day.
The undisturbed community and soil daily respiration in the flowering stage is apparently higher than that in the jointing stage. This is because for the flowering stage of grassland community, plant is just at fast growth period, both temperature and water conditions of the flowering stage are relatively more suitable, activities of microorganisms are quite active, hence resulting in higher CO 2 emissions. But the daily variation range, particularly the daily variation range of the undisturbed community respiration within the various phenological phases is at relatively low level. The relatively low daily variation range is closely related to the smaller diurnal variations of surface ground temperature and 5 cm ground temperature of the sampling day (see Table 2 ).
Both the undisturbed community and soil daily respiration reach the maximum in the fruit bearing stage of August. The undisturbed community and soil daily respiration is 10.13 g·m comparative observations of daily range of the undisturbed community and soil respiration rates indicate that higher daily variations of CO 2 emission flux of the undisturbed community in the fruit bearing stage is induced largely by the daily variations of the plant respiration proper. Whereas the daily variation range of soil respiration with changes of temperature is not great, this is also reflected in table 1. From table 1 one can see that the proportion of the soil daily respiration to the daily total respiration of the entire community is only 0.51, aboveground plant and litter respiration occupies a considerable high proportion. This coincides better with the research result obtained by Cui Xiaoyong et al. 1) in their study on the plant respiration of the Aneurolepidium chinense steppe in the same region in 1998. The research result indicated that with the gradual increase of the aboveground biomass from May to August, plant dark respiration intensity of the Aneurolepidium chinense steppe also increases gradually. It is particularly so in the biomass peak of August when the community dark respiration reaches 6.56 g·m −2 , being about 2.11 2.78 times as much as that of the other months. Therefore, during this phenological phase, changes in respiration of aboveground plant and litters will exert greater effect on carbon emissions of the grassland through respiration. 
observation day, the soil water content was relatively low, only 4.07%, which has already reached soil microorganism permanent wilting point. This is because there was no precipitation in the 18 days before sampling and only 2.1 mm precipitation was recorded within 30 days. While, two days before the sampling day in the post-fruiting vegetative stage of 2001, a 7.5 mm precipitation was recorded, the accumulated precipitation in 10 days before sampling reached 25.1 mm and the soil water content was 12.76% of the soil dry weight. As we know when soil water content is lower, diffusion of the soluble organic carbon in soil solution will be retarded, hence restricting activation of microorganism and its energy supply to a greater extent. Meanwhile the restricting role of the lower soil water content will also decrease the increasing amplitude of the soil respiration with the rise of temperature, lowering down the functional effect of temperature [20] . It is thus clear the lower soil water content of the former would reduce soil respiration markedly. However, as to the plant respiration, dark respiration dominates because the sampling chamber is opaque. Researches indicate plant dark respiration is proportional to biomass, air temperature or the square of air temperature. Researches of Sheng Xiuwu et al. on the Aneurolepidium chinense steppe of the same region indicate that when temperature drops 1 each time, the plant dark respiration rate will decline by about 12%. The effect of soil water content on dark respiration is 1) Cui Xiaoyong, Studies on carbon cycle and plant production in the semiarid grassland, Postdoctoral thesis of the Institute of Botany, CAS, 1999, (4): 59 60. much inferior to the effect on photorespiration. Moreover, serious soil water deficit can enhance activation of plant decomposed enzyme and accelerate plant respiration [21] . As the daily mean air and ground temperatures during the observation day in the post-fruiting vegetative stage of 2002 were higher by about 3.5 5.0 than 2001, the aboveground biomass was also higher by about 11.1% than that of 2001. This determined the plant respiration in the 2002 sampling day should be apparently higher than that of 2001 sampling day. So, with regard to the respiration of the entire undisturbed community, there is not much difference between the two days, but in terms of soil respiration, the former is apparently lower than the latter, hence leading to a lower proportion of soil respiration in the respiration composition of the entire community in the post-fruiting vegetative stage of 2002. Besides, the higher coefficients of variation of the undisturbed community and soil respiration fluxes during the observation period are dependent upon the greater daily variation range of air and ground temperatures in this phenological phase (Table 2) .
Besides, analysis of the comparative relationship between the undisturbed community and soil daily respiration of different phenological phases indicate that except the slight difference between the daily total respiration of the undisturbed community and soil daily respiration in the post-fruiting vegetative stage in 2001, the daily total respiration of the undisturbed community in the remaining observation days is all 31.7% 137.7% higher than the soil daily total respiration. Of which the proportions of plant and litter respiration in the fruit bearing stage and post-fruiting vegetative stage in the dry 2002 are particularly higher, equivalent roughly to soil respiration. From this we can see in our previous analysis of atmospheric carbon budget, certain estimation error would be produced merely using soil respiration to replace carbon exchange between the entire grassland community and atmosphere for the purpose of evaluating the effect of grassland ecosystem on atmospheric CO 2 concentration.
In addition, variance analysis on the difference of the undisturbed community respiration rate and that of the soil respiration among different phenological phases of the Aneurolepidium chinense steppe was conducted in the study (see Table 3 ). From Table 3 we can see that except the insignificant difference in the daily mean respiration rate of the undisturbed community between the flowering and post-fruiting vegetative stages as well as between the two observation days of the post-fruiting vegetative stage, the differences in respiration rate of the undisturbed community between the other different pairwise phenological 
Effect of environmental factors on daily variations of CO 2 emission fluxes
The respiration of entire grassland community, especially soil respiration as an indicator of soil biological activation, reflects the response of grassland ecosystem to environmental stress to a certain degree. With the changes of environment, whether the respiration rates will change and the direction of changes reflect considerably the sensitive degree of entire ecosystem to environmental changes. Therefore, the determination of the correlative degree of respiration fluxes with environmental factors and the establishment of the numerical relation model between the two items are quite urgent and necessary for us to explore the internal mechanism of grassland ecosystem respiration process and predict changes of CO 2 source and sink intensities under future climatic environmental conditions. Since variations of plant community growth conditions and soil physiochemical properties within a day is minor as indicated in the daily variation study process, a concise analysis of the correlation between the undisturbed community and soil respiration fluxes and the air temperature as well as surface layers ground temperature that have greater changes will be made ( Table 4) .
Analysis of table 4 indicates that except the daily variation observations in the jointing stage, all the observations of the undisturbed community and soil respiration fluxes undertaken in the remaining phenological phases present significant or extreme significant positive correlation (r = 0.68 0.97, α < 0.05 or α < 0.01) with air temperature and ground surface temperature, but the correlativity with soil temperatures at 5 and 10 cm depths is relatively weak. With the exception of the relative high correlative degree of the undisturbed community and soil respiration rates in the post-fruiting vegetative stage in 2002 with 5 and 10 cm ground temperatures, no significant correlativity is found in the remaining observations. It thus further indicates the contribution of ground surface to the inducement of daily variations in the respiration intensity is the greatest and the contribution to soil respiration variations decreases with the deepening of the soil depth. This is quite similar to the research result of other types of grassland by Osozawa, S. [22] , Compbell, J. A. [23] , Zhang Jinxia et al. [24] . Besides, from table 4 one can find that the correlativities between CO 2 emission fluxes and temperature conditions as well as soil water content are all insignificant in the jointing stage. This is probably related to the greater variations in soil moisture in the observation day (daily variations of soil moisture are 3.60% 18.34%, soil gravimetric water content). It is thus clear that the main restricting factor that determines respiration flux variations at this period of time is soil water content rather than temperature conditions, furthermore, in view of the general flux level of a day, temperature conditions present negative correlation with respiration fluxes to a certain degree but the correlativity does not reach the significance level of 0.05.
In order to explore the synthetic effect of principal environmental factors on the undisturbed community and soil respiration, stepwise regression method in the multiple regression analysis was used to establish the regression equations of the undisturbed community and soil daily respirations and their comparative relationships with air temperature (X 1 ), ground surface temperature (X 2 ), 5 cm ground temperature (X 3 ), 10 cm ground temperature (X 4 ), 0 10 cm soil water content (X 5 ) as well as aboveground biomass (X 6 ), 0 20 cm underground biomass (X 7 ) and litter biomass (X 8 ) (see Table 5 ). This method used probability of F-test as criteria to introduce environmental variables into the model or exclude them from the model. For an environmental variable, when the probability of F 0.05, this variable was introduced into the regression equation, and was excluded when 0.10, stepwise regression was performed taking it as a standard until all the environmental factors outside the model failed to meet the criteria to enter the model. Meanwhile collinearity diagnostics among environmental factors was also analyzed in the process of regression so that environmental variables with weak explanation ability or being redundancy can be excluded gradually through the above procedure. Results of stepwise regression analysis indicate that among the various environmental factors relating to the undisturbed community daily respiration, only the aboveground biomass was introduced into the regression equation, the remaining variables were all excluded gradually in the stepwise regression process. Seeing from regression equation we can find multiple correlation coefficient of the daily respiration of the undisturbed community and aboveground biomass reaches 0.01 significance level (R 2 = 0.799, α < 0.01), nearly 80% of the difference of the undisturbed community daily respiration in different sampling days is caused by the variation of the aboveground biomass, variations of the remaining factors can jointly explain around 20% of the daily respiration difference of the undisturbed community in different phenological phases. The research result agrees well with that of the semiarid mixed-grass prairie in Northern America obtained by Frank, A. B. et al. [25] . The reason for this is probably related to the greater difference of the aboveground biomass of the four typical phenological phases chosen for the study. According to data of the aboveground biomass measured correspondingly one can find that the maximum aboveground biomass in the four phenological phases is 3.98 times as much as that of the minimum. The greater difference in the aboveground biomass can cause bigger difference in plant respiration on one hand while on the other, the previous studies also indicate that the aboveground biomass per se is a complex indicator for both the weather conditions and the root system as well as root-associated microbiological activities, so, the dynamic variations of soil respiration are also closely related with variations of the aboveground plant biomass in stock [13, 26, 27] . Thus it is not difficult to understand that the aboveground plant biomass is the main environmental factor affecting daily respiration variations of the undisturbed community in different phenological phases. As for the soil total daily respiration (including root respiration), there is also only one factor of 0 20 cm underground biomass introduced into the regression equation. The variations of 0 20 cm underground biomass can explain about 83% of the daily soil respiration variations in different phenological phases. It thus further proves the importance of root respiration and the root system in grassland ecosystem to the soil carbon returns in the entire soil respiration. Besides, the partial correlation coefficient between 0 10 cm soil water content and soil daily respiration is also very high, higher than the partial correlation coefficients of other factors with soil daily respiration, but their correlativity does not reach the significance level of 0.05 (r = 0.50, α >0.05, n = 5). This is because soil respiration mainly happens in the surface soil layer, where soil water content can not only affect eco-environmental factors of soil air permeability and pH value, but can also affect the decomposition rate of soil organic matter and root through affecting development and growth of microorganism, hence exerting vital effect on soil respiration. However, studies also indicate that only soil water content reaches the soil microorganism permanent wilting point or exceeding field moisture capacity, can soil respiration rate be apparently affected by soil water content. If variations of soil water content do not exceed the extreme scope and are not sufficient enough to significantly affect microorganism and plant root system activities, it would be then very difficult to evidently detect the effect of water content on soil respiration. The effect of soil moisture at this period of time might be screened by other factors [19, 28] . In present study, except that the 0 10 cm soil water contents are slightly lower before rain during the sampling day in the jointing stage of 2002 and the dry post-fruiting vegetative stage in 2002, the 0 10 cm soil water contents in the other sampling days are all at relatively suitable level. Although variations exist in the surface soil water content in different phenological phases, the variation amplitude is not great. Moreover, the greater variation in soil water content induced by precipitation during the joining stage in 2002 and the resultant complicated effect on soil daily total respiration of the sampling day also weaken the significance of the effect of soil water content on daily respiration difference among the four typical phenological phases.
Concerning the difference of the proportion of soil daily total respiration to the undisturbed community daily total respiration, statistical analysis indicates that the ratio difference among different phenological phases is also caused by changes of 0 20 cm underground biomass (about 90.2%). In addition, partial correlation coefficients of 0 10 cm soil water content, litter biomass and the aboveground biomass with the ratio of the two items are also relative high. But however, because of the greater effect of the underground biomass factors, the correlativity does not reach the significantce level of 0.05 (0 10 cm soil water content: r = 0.56, α = 0.32; litter biomass: r = −0.49, α = 0.40; aboveground biomass: r = −0.47, α = 0.42).
Conclusions
(1) Apparent daily variation laws exist in the undisturbed community and soil respiration. Daily variation patterns of respiration fluxes in different phenological phases are basically the same, all presenting the form of the single-peak curves. The daily maximum emission flux occurs at around 13:00 14:00 at noon, CO 2 emission is relative low at night, reaching the minimum at around 23:00 24:00. The CO 2 emission flux has always been daytime higher than the nighttime. Changes in environmental factors only exert impact on CO 2 emission intensity but the impact on daily variation patterns of the CO 2 emission flux in the Aneurolepidium chinense steppe is relatively small. higher than the soil daily total respiration. Therefore, merely using soil respiration to represent carbon exchange between the entire grassland community and atmosphere for the purpose of evaluating the effect of grassland community on atmospheric CO 2 concentration would result in certain estimation error.
(3) Significant differences also exist in CO 2 mean emission flux in different phenological phases, even in different observation days of the same phenological phases, with the exception of individual phenological phase, the difference in CO 2 emission fluxes between any other different pairwise phenological phases all reach significant (p < 0.05) or extremely significant level (p < 0.01). When it is impossible to conduct long periodical continuous observations of fluxes owing to limitation of conditions, the issue of how to choose proper time for flux measurement to represent the average emission value for a certain time interval will be very important.
(4) Both daily variations of the undisturbed community respiration and soil respiration fluxes are significantly correlated or extremely significantly correlated with the air temperature and the ground surface temperature, but the correlativity with soil temperatures at 5 and 10 cm depth is relative weak. Contributions of temperature to variations of soil respiration decrease progressively with the increase of soil depth. About 80% of the difference of the undisturbed community daily respiration among different phenological phases is caused by the difference of the aboveground biomass. Variations of 0 20 cm underground biomass can explain around 83% of the variations of soil daily respiration in different phenological phases. The difference of ratio between soil daily total respiration and the undisturbed community respiration is also mainly (about 90.2%) caused by changes of 0 20 cm underground biomass.
